Abstract-As a consequence of the increase of power needs in low-voltage applications, wiring several windings in parallel to sustain large currents has become common. This choice may have a serious impact on the transformer reliability. In practice, due to additional currents that we call "circulation currents," highly localized extra losses occur. Although hot points resulting from these currents can destroy the component, the related losses are generally not taken into account by analytical approaches. In planar transformers, windings are made of printed circuit board layers, and circulation currents lead to severe unbalance of current sharing between parallel layers. This paper presents an analytical method enabling the evaluation of the currents in every layer using only a circuit simulation software such as Pspice or PSIM. For a designer, this method is very intuitive and fast compared with the use of finite element method simulations. Several extensions of the modeling method used here are also presented.
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I. INTRODUCTION
T HE FREQUENCY rise in power electronic converters has induced a diminution of active and passive component sizes. Above 100 kHz, traditional round winding transformers are often replaced by planar ones that use low profile ferrite cores and printed circuit board (PCB) for winding turns.
For actual applications, high output currents are often required. With such current densities, the use of 50-to 150-μm-thick PCB conductors is problematic. Even when wider than 1 cm, the cross section of a turn remains so small that several conductors have to be wired in parallel to sustain several hundreds of amperes [1] . Unfortunately, paralleling several layers does not automatically result in balanced current sharing. Indeed, the flux embraced by these turns (as related induced voltages) is slightly different. For this reason, additional currents, here called "circulation currents," are created by the low differential voltages. These internal currents are only limited by turn impedances which are often very low. In that condition, circulation currents originate strong and localized losses that seriously impact component reliability. Obviously, accounting for this phenomenon is not optional for the designer. At first sight, to design a transformer and predict the current distribution between parallel layers, finite-element method (FEM) simulations can be used [2] . In practice, planar transformers are quite complex (the studied device includes 48 conductive layers), so detailed description of shape and physical properties is time consuming. Worst, in the presence of eddy currents, when the operating frequency is beyond 100 kHz, the mesh refinements required for accurate results cause prohibitively long computational time.
In order to shorten the "engineer time" needed to study such a planar transformer and to ease the optimization process, a method, based on an analytical approach, has been developed. The latter one enables the designer to obtain the needed results by using any circuit simulation software [3] . Such a software is among the familiar tools of designers. Moreover, related simulations last seconds rather than hours, even for a complex multilayer planar transformer. By this way, engineers can study hot spot potentiality and compare different turn dispositions and wirings before building any prototype.
Taking an industrial planar transformer as an example, the problem presented earlier is highlighted in Section II. Then, in Section III, after a brief presentation of the difficulties encountered with FEM simulation, the analytical approach used in this paper is presented. This method is applied (Section IV) to quantitatively explain the observed problem and investigate technological changes that improve component reliability. Finally, the modeling method presented here to solve a real problem has undergone several extensions that strongly broaden its field of application. These extensions are briefly presented in Section V.
II. PROBLEMS DUE TO PARALLEL WINDINGS
The impact of eddy currents on copper losses has been widely studied. Several analytical methods have been proposed to account for these effects, particularly when windings can be represented as stacks of conductive layers insulated from each other [4] - [6] . All these methods start from the solution 0093-9994/$26.00 © 2010 IEEE of propagation equation in an infinite plane layer made of conductive linear homogenous and isotropic material. For one layer, total losses split into skin and proximity losses.
In a transformer, when wires are connected in parallel, adding skin and proximity losses of individual wires gives the total copper losses only if the currents flowing in all the wires connected in parallel are really equal. Indeed, as mentioned before, circulation currents add to the mean current per wire; therefore, losses in each wire (for example, skin losses) must be computed according to the real current that flows in it.
Recently, the effect of circulating currents into a 9-kVA 125-kHz planar transformer ( Fig. 1 ) has been presented [7] . This industrial transformer includes 44 conductive layers split up into three windings and four electrostatic screens. Its PQ shaped core is made of PC40 ferrite [8] . This component has two secondaries, each made of 11 parallel layers. Its primary is made of 11 pairs of layers. Each pair is wired in parallel, and all these pairs are connected in series. Eleven primary layers are located above and 11 below the secondary layers.
Due to the external circuit (full-wave rectifier), while one secondary is loaded (an output current of 275 A rms ), the other one is in open circuit. To simply study the current sharing, sine waveforms have been assumed, and only one secondary has been loaded by a 0.12-Ω resistance, the other one remaining open. The modulus of the current circulating in each layer, as it is obtained with a 2-D FEM simulation software [9] , is shown in Fig. 2 .
For the loaded secondary, the nominal current should be 25 A rms per layer. The maximum current value (80 A rms ), which circulates in the external layer of this winding, is more Fig. 3 . Power repartition in the secondary layers. The clearer the color is, the higher the power density is.
than three times higher, so power losses in this layer are ten times greater than expected. For the other winding, despite the nominal current being null ( Fig. 2 shows only the modulus), the current in layers 12 and 22 (located on both sides of the winding) reaches 45 A rms .
In practice, during the first test at full power, brown lines appeared on the PCB sides just facing the concerned layers and the test was interrupted just before the component burned. This initiates the study.
This catastrophic current sharing results in strongly localized extra losses (Fig. 3) , even in the unloaded secondary. The transformer overall power efficiency is beyond 98.5% and is very slightly impacted by this phenomenon.
Like every phenomenon leading to small volume hot spots, the effect on component global properties is very weak, and global characterization, even carried out very carefully, is not sensitive enough to bring this problem to light. Only a local measurement, directly connected to temperature, can bring interesting information.
As it has been shown, the impact of circulating currents may destroy transformers, and designers must predict them while they are dimensioning their components. In order to reduce the transformer's development and optimization time, an analytical method that is convenient to easily and quickly check different topologies, has been developed.
III. HOW TO PREDICT CIRCULATION CURRENTS

A. Limits of FEM Simulations
Transformer studies are commonly based on FEM simulations, and circulation currents can be evaluated with this tool. Having in mind that the planar transformer is made of 44 similar copper layers (Fig. 1) , the introduction of its geometry in a simulation software is quite easy but it is also time consuming, even in the case of a 2-D plane approximation. Moreover, an appropriate mesh to account for eddy currents and associated skin effect requires at least two elements in the skin depth, in each copper layer. When the operating frequency approaches 1 MHz, the required computing resources (memory size, CPU speed) and the computation time are much too expensive. Moreover, in practice, this approach does not suit geometrical optimization studies. In order to find the best topology for loss reduction, numerous simulations have to be run [10] , [11] , and both description and computation times are often prohibitive. In this paper, FEM will only be used for reference and comparison. made of conducting, insulating, or magnetic material (Fig. 4) . Each material is considered as linear, homogeneous, and isotropic and therefore is characterized by scalar complex permeability and permittivity.
Assuming that the energy propagation is 1-D (normal to the layers) [12] , [13] , the power exchange of a layer is defined by six parameters linearly linked: electric and magnetic fields on each face and supplied current and voltage (if the layer is conductive). Such an approach leads to a three-port equivalent circuit that synthetically represents all energy transfers through the layer.
In order to develop this unidirectional approach, an infinite plane layer of thickness a, which is perpendicular to the Oz-axis, is considered. Only a portion of this layer (width b and length c) is taken into account (Fig. 5 ). This plate is exposed to plane waves (incident and reflected) on its two faces. The magnetic field H is parallel to Oy, while the electric field E is directed toward Ox. If this plate is conductive, a conduction current can flow inside.
Relations between the six external variables (E l and H l at the input, E r and H r at the output, and V and I) can be written as a 3 × 3 matrix which is associated to a passive three-port circuit. However, the Ampere's theorem shows that the current per width unit J is linked to the magnetic excitation (H l and H r ) on both faces
As a consequence, the matrix relation can be reduced into a couple of equations (2) [12] that can be represented by a very simple equivalent circuit (Fig. 6 )
(2) Fig. 6 . Three-port circuit equivalent to a layer externally connected. Fig. 7 . Equivalent circuit for a conductive layer.
According to (3), this circuit can be modified to introduce potential V and current I (Fig. 7) . The sign of J accounts for the directions of I and J shown in Figs. 5 and 6, respectively,
2) Impedance Formulation: The analytical expressions of impedances Z 1 and Z 2 (Fig. 7) depend on complex phase φ (4) and attenuation A (5) introduced by the plate of thickness a. They also depend on the characteristic impedance Z c of this media (6)
Then, Z 1 and Z 2 are written as
These formulas are not bound to a kind of material. Nevertheless, they can be simplified when personalized for a given type of material. For example, only conductive layers need an electrical supply. Other types of material, not connected to an external circuit, are represented by only a serial impedance (2Z 1 ).
To study a transformer, three different types of material need to be described: conductive, insulating, and magnetic ones. a) Conductive layer: A conductive layer is defined by its resistivity ρ (or its conductivity σ) ρ = 1/σ and its thickness ep. For a conductor, permittivity ε is directly linked to conductivity (9), so φ and Z c are expressed as (10) and (11), respectively. In the following, δ represents the skin depth (δ = 2/ωσμ 0 )
With x = ep/δ, Z 1 and Z 2 become
where r 0 = 1/(σ · a). The other types of layer are not connected to an external circuit. Hence, the vertical part of the equivalent circuit (Fig. 6) is not relevant, so only one impedance, which is equal to 2Z 1 , remains.
b) Air layer (or insulating):
An insulating layer (thickness of ep_a) is modeled [12] by a simple inductance (14) . This value is the low-frequency limit of (12) which is applicable as long as the insulator thickness is far smaller than the wavelength in the same material
c) Magnetic layer (ferrite):
A magnetic layer is characterized by its thickness ep_f and its permeability μ r . Its impedance is found as above, so (15) is the same as (14) except that μ 0 is replaced by μ 0 μ r . The simplest model for such a layer is a pure inductance (15) . If necessary, losses can be taken into account by adding a parallel resistance or, for a greater precision, more complex circuits [14] , [17] . However, as long as we focus on copper losses, such sophisticated models are not necessary. For the same reasons, FEM simulations will be carried out assuming that the permeability is real
3) Connecting Elementary Circuits: A simple two-winding EP core transformer is now considered as an example. Each winding is assumed to be made of only one layer. The quasiaxial symmetry of this component seems inconsistent with previous development. Nevertheless, after unrolling, the device appears as a layer stack (as in Fig. 8 ) with a length c, which is equal to the mean turn length. The width b is equal to the layer's width. Each layer is separated from the others by an insulating zone which has the same permeability as air. The numbers of turns of the primary (if it is made of n t1 contiguous turns connected in series) and secondary are introduced in the equivalent circuit by coupler ratios [13] , which link the layer to its power supply. The equivalent circuit, obtained this way, is shown in Fig. 8 .
After some elementary transformations, this equivalent circuit looks more familiar (Fig. 9) . All impedances depend on frequency. The open-circuit impedance of this transformer depends essentially on magnetic impedances because, in this configuration, the vertical impedance Z f 1 is far higher than Z a3 and Z 1p . 
IV. PLANAR TRANSFORMER STUDIES
A. Current Sharing in the Initial Transformer
The 44-layer transformer (Fig. 3) is an interesting example to check the equivalent circuit obtained as explained earlier. This method is applicable since all conductors have the same width and length and are face to face, only separated by identical insulating layers.
To use this equivalent circuit with sinusoidal waveforms of a given frequency, each impedance is split in its real and imaginary parts in order to be introduced as a resistance/reactance couple. Implementation of this model in a circuit simulation software [3] involves 264 impedances (three resistances and three reactances per layer) and 44 perfect couplers. The results obtained with this model are shown in Fig. 10 .
The total current supplied to the load is equal to 275 A rms , and the repartition obtained using our equivalent circuit in the circuit simulation software is very close (difference less than 5%) to that deduced from the FEM software. The most interesting aspect of this "analytical simulation" is that it is very fast. The computing time is less than 20 s and can be advantageously compared to the 20 min necessary to run a FEM simulation. The introduction of this model into a circuit software is also simpler (and faster) since numerous cells are identical and can be repeated.
Comparison with 2-D FEM simulation only proves that the physical problem described in this tool is well represented by the analytical approach introduced here and its equivalent circuits. As it was mentioned before, reaching values shown in Fig. 10 by direct or indirect measurement is quite impossible. However, looking at other parameters, we have got experimental proofs of the equivalent circuit validity. For more details, see Section V.
B. Reducing Circulation Currents
Circulation currents are due to differences of flux embraced by parallel layers (i.e., to the flux which is deviated-leakage flux) between parallel layers. Because this flux increases with the distance separating two conductive layers, the best solution to improve the initial device without modifying the plate order [ Fig. 11(a) ] is to use only one thick layer with the total copper thickness. In standard transformers, one alternative solution consists in twisting wires such as in litz wires. This does reduce the flux embraced by each pair of wires but is very hard to achieve in PCB windings [15] .
The second solution consists of modifying the winding arrangement to reduce the leakage inductance (i.e., the magnetic energy stored when secondary is shorted) of the transformer [16] . This is achieved by interleaving primary and secondary to locally cancel ampere turns. This solution, which reduces rms induction (the mean being calculated over the window area) when one winding is shorted, decreases the stored energy and also the leakage inductance. It also reduces eddy current losses which are roughly proportional to this rms induction.
C. Layer Stack Improvements
Following the aforementioned developed idea, the impact of interleaving is now tested. Among the 44 conductive layers, 11 are electrostatic screens which are not involved in the studied property. Therefore, only conductive layers belonging to the windings are shown in Fig. 11 . Three different layer stacks, shown in this figure, are compared.
The first one [ Fig. 11(a) ] describes the initial device. Each primary layer in this figure is composed of two parallel layers. Secondaries are both placed between the two half primaries. The second design [ Fig. 11(b) ] is obtained by interleaving two primary layers, two "A" secondary layers, and two "B" secondary layers. The third one [ Fig. 11(c) ] consists in interleaving the three winding layers one by one.
According to our guiding idea, this last arrangement is the ideal one. Unfortunately, it is also the most difficult to build. Arrangement (b) is the compromise chosen by the manufacturer.
Using a circuit simulation software, comparison between these different arrangements is carried out very quickly. Only the connections between layers must be modified to achieve the three different arrangements. For the open-circuit winding (secondary B during our study), the current values obtained with circuit simulation are shown in Fig. 13 . The circulation currents are reduced to 5 A rms for arrangement (b). This value must be compared to the 45 A rms reached inside the initial device (a). Arrangement (c) is still a little bit better since it reduces currents to 1 A rms .
The total powers dissipated in copper (excluding vias and component terminals) can also be compared. For the initial design (a), this power is evaluated as 70 W; for arrangement (b), it decreases to 19 W, and for arrangement (c), it reaches 17.8 W. Despite the benefit of changing from (a) to (b) being obvious, it is not for changing from (b) to (c).
D. Final Optimized Transformer
Owing to our equivalent circuit method, connection between layers, as well as thickness of insulating and conductive layers, can be changed easily and quickly. However, the solution showing the lowest losses is not necessarily the one that engineers adopt. Other industrial considerations are taken into account such as volume, weight, cost, ease of manufacturing, etc.
The study of this 44-layer planar transformer has been proposed by Thales and gave us the opportunity to work with Thales engineers to improve their component. After balancing highest power efficiency with cost and ease of manufacturing, the component described in the following has been built (Fig. 14) .
This component is made of a smaller number of layers. Both secondaries are made of six parallel layers. The thickness of the PCB copper layers has been increased (surface ×1.5) to sustain 275/6 = 45.8 A rms per layer. Interleaving of windings shows the blocks: two primaries-one secondary A-one secondary B. Final performances are presented in the following.
Current repartitions in the secondary layers are shown in Fig. 15 for the loaded secondary and in Fig. 16 for the opencircuit secondary. In these figures, the results obtained with the FEM software are compared to those deduced from the circuit simulation software. They are in very good agreement. The current circulating in a layer of the loaded winding is between 30 and 55 A rms . These values must be compared to the nominal value of 45.8 A rms . In the secondary in open circuit, the current of a layer is between 2 and 13 A rms . The total copper losses are about 20.6 W, and according to measurements, power efficiency is slightly above 99%. Compared to the first prototype, better performances and reliability are obtained (lower copper losses and colder hot spots), and this component is easier to manufacture.
V. EXTENSION OF APPLICATION FIELD
The equivalent circuit presented here includes frequencydependent impedances, at least for copper plate representation. A lumped-element equivalent circuit has been proposed [17] to replace the one shown in Fig. 7 . With only 15 components, this latter one presents the same behavior from dc to, typically, 70 MHz.
Because energy exchanges are attributed, in the model used previously, only to plane waves normal to the layers, electric field normal to the layers is not taken into account. Nevertheless, this field component is responsible for the major part of the electrostatic behavior of the device. To fill this lack, a complementary model (which owns six capacitors) has been added to model the electrostatic behavior of each insulating layer.
The lumped-element equivalent circuit which is obtained by joining these two models owns a large number of electrical components but accounts for all major properties of the device. Not only its lumped-element nature allows easy time-domain simulation but also a lot of measurable parameters can be computed and compared to measurements. For example, all impedances deduced from the equivalent circuit (including interwinding ones and those which involve electrostatic screens) are in very good agreement, from dc to 40 MHz, with the measured values [17] .
VI. CONCLUSION
In this paper, the impact of circulation currents on highfrequency transformers has been investigated. These currents appear as soon as at least one winding is made of wires (or strands) connected in parallel. Therefore, although paralleling a winding seems to be a good solution to reduce eddy current effects while sustaining high-frequency strong currents, the impact of circulation currents must be evaluated to avoid destructive hot spots.
Circulation currents are not taken into account in previous analytical approaches, and their evaluation is long and quite incompatible with an optimization process when done using FEM simulation. In this paper, assuming that the component looks like a stack of plane layers, an exact analytical approach has been formatted to appear as a circuit problem that can be solved using standard circuit simulation software. This method, based on the 1-D propagation assumption, leads to an equivalent circuit that is suitable to determine all layer currents, including circulation ones. Owing to this tool, checking concurrent topologies for planar transformers with given specifications is easy and fast. Using it, engineers can save a lot of time.
The method introduced here is widely expandable. Combined with a simple representation of capacitive properties, a lumped-element equivalent circuit has been drawn which accurately represents all measurable impedances of the component and which also suits for time-domain simulations.
